A versatile microelectrode array sensor for water quality monitoring has been developed. The array fabrication, based on batch microelectronic processes, results in a highly stable passivation of the silicon chip surface and provides the possibility to use a backside contact. Packaging was optimized for online water operation at high pressures. Examples of applications include chlorine monitoring in drinking water, ozone monitoring in deionized water, dissolved oxygen in activated sludge and preliminary measurements of trace arsenic.
Introduction
Classical on-line amperometric sensors for water quality monitoring are mainly based on the "Clark electrode" design (Clark, 1959) where the volatile analyte (oxygen, ozone, chlorine) diffuses through a hydrophobic membrane before being electrochemically reduced at an electrode placed in a separate electrolyte solution. The gas-permeable membrane tends to be fragile and, for some applications, higher pressure resistance, shorter response time or the avoidance of electrolytes are desirable. Lower sensor costs are also required for some applications.
Microelectrodes could provide solutions for some of these issues, in particular because their response is almost independent of convective regime and because of the possibility to obtain good electrode response in very low conductivity media (Pletcher and Valdes, 1991; Pletcher and Sotiropoulos, 1996; Wang, 1994; Heinze, 1993) . A further advantage, specifically relevant to effective on-line operation at elevated and varying pressures, is that the microelectrodes do not necessarily require a membrane to attain selectivity and reduced fouling. The simpler construction of a membrane-less microelectrode sensor could be more robust and result in significantly lower fabrication costs. Furthermore, the measurement of dissolved gas will be independent of the water pressure.
Microelectrode advantages in the electroanalytical field have been recognized for many years and were demonstrated in a number of applications, particularly for environmental monitoring (Koudelka-Hep and van der Wal, 2000; Tercier-Waeber et al., 1999; Kounaves and Feeney, 2000) . However, microelectrode use for on-line monitoring is still rather limited. Requirements for successful on-line applications include a reproducible and costeffective microelectrode manufacturing process and, because measured currents are orders of magnitudes lower than with conventional electrodes, the sensor packaging must also guarantee exceedingly low leakage currents during long-term operations.
In this paper the characteristics of the novel Au-Sensys™ microelectrode sensor, based on a gold microdisc array sensing device, will be described. The array design and the sensor packaging were optimized for high reliability in high pressure water monitoring applications. Examples will demonstrate long-term free chlorine measurements in drinking or swimming pool water and ppb ozone detection in deionized water. Preliminary results concerning dissolved oxygen in activated sludge and arsenic detection will be shown.
Method

Measurement principle
The amperometric sensor works in a classical three-electrode configuration. A potentiostat maintains the proper working electrode (WE) potential relative to a reference electrode (RE) by adjusting the current flow through a counter electrode (CE). The potentiostat also measures the current flow between CE and WE, which is, under proper conditions, proportional to the analyte concentration. All standard electroanalytical methods such as amperometry, multiple step amperometry, or anodic stripping voltammetry can be implemented on microelectrodes.
By using an array of microelectrodes instead of a single microelectrode the attractive properties of single microelectrodes can be retained while enhancing the sensor response by typically more than two orders of magnitude. Morf (1996) proposed a convenient model allowing optimization of the disc diameter and disc spacing geometrical characteristics in order to maximize the response of a given array surface while minimizing neighboring disc interactions. In Figure 1 , the calculated quasi-stationary current of an array of N microdiscs (I Array ) is compared to the (ideal) response of N individual microelectrodes (I Ideal ). Experimental verifications using various designs indicated that a ratio of 0.9 is satisfactory.
The choice of the working electrode material will depend on the specific application and on the availability of thin film deposition/structuration process. The properties of gold were found to be well suited for a number of applications, including the measurement of dissolved oxidants.
In most media, fouling will tend to rapidly lower the sensor sensitivity if no cleaning (and/or activation) is applied. In situ electrochemical treatment is well suited for on-line operation. This approach has been found effective in particular for HPLC electrochemical detectors (LaCourse, 1997). Simple potential pulse or complex wave forms can be applied to the working electrode to prevent material adsorption on the electrode surface or to keep the surface active through electrode oxidation/reduction cycles.
Only the working electrode's critical dimensions have to be in micrometre dimensions. It was found advantageous to use separate discrete counter and working electrodes compared to silicon integrated electrodes. The counter electrode is usually not critical, provided its surface is large compared to the working electrode and that it does not contaminate the solution. The reference electrode is more critical, but for amperometric applications the reference electrode accuracy and stability are not as critical as in potentiometric applications (pH or other ion sensitive electrodes). This is because the concentration is obtained from the current measured under diffusion limited conditions, which is itself not very sensitive to the applied potential. In media of reasonably constant composition, such as drinking water, it is thus possible to use a simpler construction, where the reference electrode material is directly immersed in the media. Such a pseudo-reference electrode relies on an approximately constant property of the solution (for example pH or chloride concentration). It does not need a separate electrolyte or a (porous) junction, an important advantage for high pressure or high temperature operations.
Microelectrode array integration
The microdisc array electrode is integrated on a 100 mm silicon wafer using a sequence of thin film deposition and etching steps based on microelectronic fabrication technologies.
To create an array, the customary approach consists of applying a thin film insulating passivation on the top of a conductive thin film layer. The microdisc electrodes are then obtained by etching holes into the passivation, as schematically shown in Figure 2a ( Fiaccabrino et al., 2000; Schmitt et al., 1999; Nolan and Kounaves, 1998 ). An alternative process architecture is shown in Figure 2b . In this approach each single microdisc is contacted to the conductive silicon substrate through a hole opened in a previously grown passivation. The two main advantages of this second process architecture are: • a higher passivation layer quality, which, being created before the metallization step, can include thermal silicon dioxide grown directly on the substrate and high temperature chemical vapor deposited silicon nitride; • backside contacting of the array facilitating chip mounting.
Microdisc electrode arrays with typical 2-20 µm disc diameters can be realized in various thin film materials (Au, Pt, Ir, carbon or diamond). Alloy or metal electroplating on the microdisc "seed layer" further enlarges the choice of microdisc materials. The wafer scale selective electroplating does not require any supplementary photolithographic operation.
The results presented in this paper were obtained with an array of 137 gold microdiscs, 15 µm in diameter, spaced by 300 µm in a hexagonal pattern. The array is integrated on a 2.8 × 7 × 0.5 mm silicon chip. 
Sensor packaging
The silicon chip is mounted and backside-contacted onto an appropriate polymeric chip holder. A commercially available sintered Ag/AgCl powder pseudo-reference electrode is also part of the sensor. After protecting the chip sides and the holder surface with a silicone sealant, the holder is inserted into a stainless steel tube, which also acts as a counter electrode. A view of the sensor is shown in Figure 3 .
Results
Free chlorine
The gold microelectrode array sensor response was found to have suitable characteristics for on-line monitoring of drinking water (Gobet et al., 2001) including ≥10 bar pressure resistance, linear response between 0 and 20 ppm, 0.02 ppm detection limit and low flow and pH dependence. The last point is a significant advantage over membrane-based sensors because one critical aspect of chlorine monitoring is the ability to measure "free chlorine", that is the sum of the concentrations of HOCl and OCl -. Chlorine reacts with water according to the following equations:
Cl 2 + H 2 O ↔ HOCl + HCl and HOCl ↔ OCl -+ H + The proportion of hypochlorous acid (HOCl) varies sharply from ~100% at pH 5 to 0% at pH 10. Membrane sensors are selective towards HOCl and therefore free chlorine concentrations have to be calculated from the acid equilibrium constant and the independently measured water pH. By contrast, the gold microelectrode sensor has much smaller pH dependence (±10% between pH 7 and 8, see Figure 4 ). The pH dependence can be neglected under usual conditions. Excellent sensor stability over months of continuous operation in drinking and swimming pool water is achieved by continuously cycling the array potential between an anodic cleaning potential and the measuring potential. As an example Figure 5 shows the results of free chlorine monitoring at the input and output of a water softening unit. Free chlorine is monitored to prevent chlorine concentration at the output to reach a value larger than 0.1 ppm, which could be damaging for the reverse osmosis membrane of a water treatment plant. The chlorine concentration is, as expected, smaller after passing through the ion exchange resin, and very good agreement is observed between the time variations of the two sensors. The control photometric DPD measurements (average of 2-3 values) are also in good agreement with the sensor responses. The sensor resolution is however much better (0.001 ppm) than the manual photometric test kit resolution (0.01 ppm). 
Ozone
Purified cold water distribution networks, for example in pharmaceutical applications, need a periodic heat or chemical treatment to prevent the onset of biofilms. Ozone is very frequently used in the case of chemical disinfection. The ozone treatment concentration and the return to a zero ozone level before use have to be monitored by a high sensitivity (low ppb) ozone sensor.
The very high water resistivity (up to 18 MΩ cm) is a challenging condition even for a microelectrode sensor. The gold microelectrode array sensor response to ozone was however found to be completely independent of water resistivity in a range from 1 kΩ cm (drinking water) to 18 MΩ cm (deionized water). Figure 6 shows the sensor response in deionized water. A distinct ozone reduction plateau, proportional to the ozone concentration, is observed over 300 mV. It is limited by the reduction of oxygen on the cathodic side. The measurement potential was set at 0.4 V corresponding to the minimum baseline current.
The gold microdisc linear response up to 200 ppb ozone is shown in Figure 7 . Long term stability was verified over 2.5 months of continuous monitoring in deionized water. No significant sensitivity drift was observed. Between ozonation periods the gold microdisc array residual current was stable and lower than 50 pA, thus guaranteeing a ≤ 5 ppb detection limit.
It was found, somewhat surprisingly, that the Ag/AgCl pseudo-reference electrode potential is independent of ozone or oxygen concentrations and very stable under long-term Figure 5 Chlorine monitoring at the input and output of a water softening unit. Right: view of the two measuring cells. Left: sensors and photometric DPD method (triangles and circles) measurements operation. Without chloride in the media, the reference potential is thought to be defined by surface silver oxide, which would be stable in absence of large pH variations.
Other applications
Dissolved oxygen in activated sludge. Activated sludges could appear to be too heavily contaminated to allow the use of a membrane-less sensor. Fouling of the microdisc array by organic material or scale deposits can however be strongly reduced through an adequate polarization cycle. Figure 8 shows that the sensor follows accurately the rapid decrease in dissolved oxygen concentration in the sludge after stopping aeration and the return to a constant level after restarting aeration. The detection limit is presently at 0.2% relative oxygen Arsenic trace detection. Microelectrode advantages for heavy metal analysis by anodic stripping voltammetry (ASV) include a lower noise level and a high diffusion transfer towards the electrode, eliminating the need for stirring during the concentration step. Arsenic is known to be acutely toxic. In 1993 the World Health Organization (WHO) established a provisional maximum value of 10 ppb in drinking water. ASV could provide an alternative to laboratory techniques such as inductively coupled plasma-mass spectrometry (ICP-MS) for on-site analysis of arsenic, as shown by Feeney et al. (2000) .
Analysis of As III , the most toxic species was evaluated in As-spiked HCl solutions. Figure 9 shows the measured stripping peaks and the resulting calibration plot under optimized conditions (0.2 M HCl, pre-concentration: 120 s/-0.3 V, no stirring, anodic square wave stripping: steps 8 mV, 50 Hz, amplitude 50 mV).
A good reproducibility and a detection limit lower than 1 ppb are achieved within a short measurement time of less than three minutes. The linearity is very good (correlation coefficient 0.9997), up to ~100 ppb. Pre-concentration times must be decreased for higher As concentrations.
These first results show an interesting potential for developing an adequate method for an "at-line" drinking water arsenic monitoring or for the control of arsenic removal processes.
Conclusions
The Au-Sensys™ gold microdisc array sensor provides a valuable alternative to conventional Clark membrane sensors. It has demonstrated a good reliability for on-line water quality monitoring of important disinfecting agents such as free chlorine in drinking water or ozone in deionized water, which were accurately measured over months without loss of sensitivity. The sensor versatility allows envisaging further developments for monitoring other oxidants (H 2 O 2 , ClO 2 ) as well as for the detection of selected trace metals (As, Pb, Hg). Figure 9 As III ASV analysis on Au-Sensys™ gold microdisc array
